Oncogene-induced senescence (OIS) is considered a powerful tumor suppressor mechanism. Caveolin-1 acts as a scaffolding protein to functionally regulate signaling molecules. We demonstrate that a lack of caveolin-1 expression inhibits oncogenic K-Ras (K-Ras G12V )-induced premature senescence in mouse embryonic fibroblasts and normal human bronchial epithelial cells. Oncogenic K-Ras induces senescence by limiting the detoxification function of MTH1. We found that K-Ras G12V promotes the interaction of caveolin-1 with MTH1, which results in inhibition of MTH1 activity. Lung cancer cells expressing oncogenic K-Ras have bypassed the senescence barrier. Interestingly, overexpression of caveolin-1 restores cellular senescence in both A549 and H460 lung cancer cells and inhibits their transformed phenotype. In support of these findings, our in vivo data demonstrate that overexpression of oncogenic K-Ras (K-Ras G12D ) induces cellular senescence in the lung of wildtype but not caveolin-1-null mice. A lack of K-Ras G12D -induced premature senescence in caveolin-1-null mice results in the formation of more abundant lung tumors. Consistent with these data, caveolin-1-null mice overexpressing K-Ras G12D display accelerated mortality. Finally, our animal data were supported by human sample analysis in which we show that caveolin-1 expression is dramatically down-regulated in lung adenocarcinomas from lung cancer patients, both at the mRNA and protein levels, and that low caveolin-1 expression is associated with poor survival. Together, our data suggest that lung cancer cells escape oncogene-induced premature senescence through down-regulation of caveolin-1 expression to progress from premalignant lesions to cancer.
by a number of stressful stimuli, such as oncogene activation, DNA damage, cytotoxic drugs, and oxidative stress (3) (4) (5) (6) (7) . This type of senescence is referred to as stress-induced premature senescence. Although no single feature of the senescent phenotype is exclusively specific, hallmarks of cellular senescence include growth arrest, exit from the cell cycle, increased p53 activity, increased p21
Waf1/Cip1 and p16 protein expression, hypophosphorylation of pRb, nuclear foci containing DDR proteins (DNA-SCARS/TIF) or heterochromatin, and the senescence-associated secretory phenotype (1, 2, 4, 8) . Senescent cells can also be experimentally identified by their enlarged and flattened morphology, as well as by their positive staining for ␤-galactosidase activity at pH 6.
Lung cancer is the most frequent type of cancer. In the United States, lung cancer accounted for ϳ13% of all cancer diagnoses and 27% of all cancer deaths in 2015. It is the second most diagnosed cancer in both men and women, but it is the most common cause of cancer-related death in men and women. Non-small cell lung cancer (NSCLC) 3 is the most common form of lung cancer and adenocarcinoma is the most common type of NSCLC (9) . Progression from premalignant lesions to malignant adenocarcinomas is a hallmark of NSCLC pathogenesis. In humans, K-Ras mutations are among the most common molecular changes in lung adenocarcinomas (10 -12) . K-Ras is a GTPase that plays an important role in normal tissue signaling. Wildtype K-Ras is activated by signals that promote the exchange of bound GDP to GTP. This is a transient activation due to the intrinsic ability of K-Ras to hydrolyze GTP and therefore turn itself off. However, single point mutations generate an oncogenic mutant form of K-Ras with a constitutively activated GTP-bound state. Interestingly, a well-established and intriguing function of K-Ras is its ability to promote oncogene-induced senescence (7, 13, 14) .
What is the functional significance of OIS in the context of tumorigenesis? Cellular senescence is considered a tumor suppressor mechanism because it prevents the propagation of cells with damaged DNA and potentially carrying oncogenic muta-tions (8, 15) . In vivo data suggest that oncogenic K-Ras-transformed cells need to bypass the OIS barrier to proliferate and progress to higher grades of malignancy (7, 16 -18) . Tumor cell senescence is not restricted to mouse models, and it has been reported in human premalignant lesions as well (18 -21 ). Thus, a high level of oncogenic K-Ras promotes a transformed phenotype only when the tumor suppressor features of K-Rasinduced senescence are bypassed. However, the mechanisms that define this fundamental transition in tumorigenesis remain to be fully established.
Caveolin-1 is a structural protein component of caveolae, invaginations of the plasma membrane (22, 23) . Although caveolae were originally believed to function as macromolecular transport vesicles (24) , their role has expanded to include signal transduction, cellular metabolism, cholesterol homeostasis, endocytosis, tumor promotion, and tumor suppression (25) . Caveolin-1 acts as a scaffolding protein that concentrates and functionally regulates signaling molecules. The direct interaction with caveolin-1 generally results in the sequestration of a given signaling molecule within caveolar membranes and modulation of its signaling activity (26 -30) . These signaling proteins include G-protein ␣ subunits, H-Ras, nitric-oxide synthase, epidermal growth factor receptor, Src-like nonreceptor tyrosine kinases, protein kinase C, protein kinase A, and NADPH oxidase. Our laboratory was the first to show that caveolin-1 promotes stress-induced premature senescence in fibroblasts through the modulation of Mdm2, ATM, PP2A-C, Nrf2, and Sirt1 functions (31) (32) (33) (34) (35) (36) (37) (38) . However, whether caveolin-1 regulates the tumor suppressor properties of oncogeneinduced senescence remains unexplored. In this study, we demonstrate that caveolin-1 promotes oncogenic K-Rasinduced senescence and that activation of the oncogenic K-Ras/caveolin-1/senescence pathway prevents lung cancer development in mice. Consistent with these findings, low caveolin-1 expression is found in lung cancer patients and is associated with poor lung cancer patient survival. Together, our data provide novel molecular insights into the functional significance of OIS. A-D, MEFs were derived from either wildtype or caveolin-1-null mice. MEFs (passage 1) were infected with a lentivirus expressing a c-Myc-tagged K-Ras G12V cDNA (pLVX-K-Ras G12V ). Infection with a lentivirus carrying the empty pLVX vector (pLVX) was used as control. Cells were cultured for 14 days, and cellular senescence was assessed by SA-␤-gal staining (quantification is shown in A, and representative images are shown in B) and immunoblotting analysis using antibody probes specific for caveolin-1 (Cav-1), c-Myc, p16, and p21. Immunoblotting with anti-␤-actin IgGs was performed to show equal loading (representative blots are shown in C, and quantification analysis is shown in D). Values in A and D represent means Ϯ S.E. (error bars); statistical comparisons were made using a t test. *, p Ͻ 0.001.
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Results
Caveolin-1 promotes oncogenic K-Ras-induced premature senescence in mouse embryonic fibroblasts and human bronchial epithelial cells
To investigate the role of caveolin-1 in oncogene-induced senescence, we overexpressed oncogenic K-Ras (K-Ras G12V ) in mouse embryonic fibroblasts (MEFs) derived from either wildtype or caveolin-1-null mice, which do not express caveolin-1 (31). After 2 weeks, cellular senescence was quantified by using three independent senescence markers: senescence-associated ␤-galactosidase (SA-␤-gal) staining and expression of p21 and p16 by immunoblotting analysis. We found that overexpression of K-Ras G12V induced senescence in ϳ90% of wildtype MEFs, as assessed by SA-␤-gal staining (Fig. 1, A and B) . In contrast, K-Ras G12V -induced senescence was dramatically inhibited in MEFs lacking caveolin-1 expression (Fig. 1, A and B) . Consistent with these findings, the K-Ras G12V -promoted up-regulation of both p21 and p16 was significantly inhibited in MEFs derived from caveolin-1-null mice, as compared with wildtype MEFs (Fig. 1, C and D) . In support of these data, we found that oncogenic K-Ras induced senescence in normal human bronchial epithelial cells (Fig. 2, A and B) and that down-regulation of caveolin-1 in these cells significantly inhibited K-Ras G12V -induced senescence (Fig. 2, C-E) . We conclude that K-Ras G12V induces cellular senescence in a caveolin-1-dependent manner.
K-Ras
G12V inhibits the detoxification function of MTH1 through caveolin-1
Oncogenic K-Ras promotes premature senescence through oxidative DNA damage (7, 13, 14) . MTH1 is the major mammalian detoxifier of the oxidized DNA precursor 8-oxo-dGTP. MTH1 removes reactive oxygen species-induced 8-oxoguanine from the dNTP pool, preventing its incorporation into DNA and the initiation of a DNA damage/senescence response (39 -44) . Down-regulation of MTH1 induces premature senescence, whereas overexpression of MTH1 inhibits oncogeneinduced senescence (39 -44) . Thus, oncogenic K-Ras induces premature senescence by limiting the detoxification function of MTH1. However, the endogenous signaling mechanism through which oncogenic K-Ras limits MTH1 activity and promotes OIS remains to be established. To gain insights into K-Ras G12V -induced and caveolin-1-mediated cellular senescence, we asked whether caveolin-1 was the molecule through which oncogenic K-Ras inhibits MTH1. The scaffolding domain of caveolin-1, which is represented by residues 82-101, mediates direct protein-protein interactions between caveolin-1 and a variety of signaling molecules carrying a caveolinbinding domain (⌽X⌽XXXX⌽, ⌽XXXX⌽XX⌽, or ⌽X⌽XX-XX⌽XX⌽, where ⌽ represents an aromatic amino acid and X represents any amino acid) (45) (46) (47) . Analysis of the MTH1 protein sequence indicates that MTH1 has a putative caveolinbinding domain between amino acids 27 and 35 (Fig. 3A) . To investigate whether MTH1 is a binding partner of caveolin-1 in vitro, we performed pulldown assays using a series of caveolin-1 deletion mutants fused to GST (Fig. 3B ). Fig. 3C shows that MTH1 is a novel caveolin-1-binding protein and that the scaffolding domain of caveolin-1 was sufficient for binding to MTH1. We then asked whether caveolin-1 interacts with MTH1 in cells and whether oncogenic K-Ras regulates such interaction. Normal human bronchial epithelial cells were infected with a lentiviral vector (pLVX) expressing oncogenic K-Ras (K-Ras G12V ). K-Ras G12V -expressing cells were cultured for different periods of time (3, 7, and 14 days). Cells infected with pLVX alone were used as control. Cells were collected, and caveolin-1 was immunoprecipitated using an antibody probe specific for caveolin-1. Immunoprecipitates were subjected to immunoblotting analysis with anti-MTH1 IgGs. We show in Fig. 4A that caveolin-1 interacted with MTH1 only in cells expressing oncogenic K-Ras beginning at 7 days after K-Ras infection. Importantly, normal human bronchial epithelial (NHBE) cells displayed a senescent phenotype only 14 days after infection with K-Ras G12V (Fig. 2, A and B) . We conclude that oncogenic K-Ras promotes the interaction between caveolin-1 and MTH1, which precedes the onset of oncogene-induced premature senescence. To determine the functional significance of MTH1 binding to caveolin-1, K-Ras G12V was expressed in NHBE cells in which caveolin-1 expression was down-regulated by shRNA, and cells were cultured for 7 days. . Cells were collected after 3, 7, and 14 days, and cellular senescence was quantified by SA-␤-gal staining (quantification is shown in A) and immunoblotting analysis using antibody probes specific for p21 (B). Immunoblotting with anti-␤-actin IgGs was performed to show equal loading (B). C-E, caveolin-1 protein expression was down-regulated in NHBE cells by ϳ90% using shRNA (data not shown). Cells were then infected with either vector alone (pLVX) or K-Ras G12V . Cells were collected after 14 days, and cellular senescence was quantified by SA-␤-gal staining (quantification is shown in C, and representative images are shown in D) and immunoblotting analysis using antibody probes specific for p16 and p21 (E). Immunoblotting with anti-␤-actin IgGs was performed to show equal loading. Values in A and C represent means Ϯ S.E. (error bars); statistical comparisons were made using a t test. *, p Ͻ 0.001.
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We show in Fig. 4 (B and C) that down-regulation of caveolin-1 limited the oncogenic K-Ras-induced elevation of 8-oxoguanine. Because increased levels of 8-oxoguanine in cells are a direct indication of MTH1 inhibition, these data indicate that oncogenic K-Ras inhibits MTH1 function through caveolin-1. Together, our findings suggest that oncogenic K-Ras induces premature senescence by promoting the caveolin-1-mediated inhibition of the detoxification function of MTH1.
Re-expression of caveolin-1 restores cellular senescence in lung cancer cells and inhibits their transformed phenotype NSCLC cells are known to possess a transformed phenotype because they escaped OIS (7, 16 -18) . A549 cells carry oncogenic K-Ras (K-Ras G12V ) and are representative of NSCLC. Interestingly, caveolin-1 expression is almost undetectable in these cells (Fig. 5A ). Because our data show that caveolin-1 expression promotes oncogene-induced senescence (Figs. 1 and 2), we asked whether re-expression of caveolin-1 in A549 cells was sufficient to restore the ability of these cells to undergo cellular senescence. A549 cells were infected with a lentiviral vector expressing caveolin-1. Cellular senescence was quantified after 2 weeks. We show in Fig. 5 (B and C) that re-expression of caveolin-1 was sufficient to promote senescence in A549 cells, as shown by p21 expression and SA-␤-gal staining.
Cellular senescence is a powerful tumor suppressor mechanism. As such, we then asked whether restoration of cellular senescence by caveolin-1 inhibited the transformation properties of A549 cells. We demonstrate that re-expression of caveolin-1 inhibited proliferation of A549 cells (Fig. 5D ) and their ability to grow in soft agar (Fig. 5, E and F) . Importantly, these data were confirmed in H460 cells, a lung cancer cell line that, like A549, expresses mutant K-Ras but has wildtype p53. We found that overexpression of caveolin-1 in H460 cells promoted cellular senescence (Fig. 6, A and B) and inhibited their transformed phenotype (Fig. 6 , C and D). We conclude from these data that the re-introduction of caveolin-1 restores the antiproliferative properties of cellular senescence in oncogenic K-Ras-expressing lung cancer cells.
Oncogenic K-Ras-induced cellular senescence is inhibited in the lung of caveolin-1-null mice
Our cell culture data of Figs. 1-6 demonstrate that caveolin-1 plays a key role in the induction of cellular senescence induced by oncogenic K-Ras. To confirm these data in vivo, we generated a novel mouse model in which oncogenic K-Ras (K-Ras G12D ) was expressed in a caveolin-1-null background. More specifically, we crossed K-Ras LA2-G12D mice with caveolin-1 Ϫ/Ϫ mice to generate the novel K-Ras LA2-G12D /Cav-1 Ϫ/Ϫ mouse ( Fig. 7 , A and B). K-Ras LA2-G12D /Cav-1 ϩ/ϩ mice were used as controls. K-Ras LA2-G12D mice are heterozygous for the K-Ras G12D mutation and develop lung tumors with a histopathology very similar to human disease (48) . Thus, it is a wellestablished mouse model to study lung cancer development. The lungs of 4-week-old K-Ras LA2-G12D /Cav-1 ϩ/ϩ and KRas LA2-G12D /Cav-1 Ϫ/Ϫ mice were extracted, and cellular senescence was quantified by staining frozen sections for senescence-associated ␤-gal activity. We found that the number of cells positive for SA-␤-gal activity was dramatically reduced in K-Ras 
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A lack of caveolin-1 promotes lung tumor development in KRas LA2-G12D mice
Because cellular senescence is a tumor suppressor mechanism and our data show that the absence of caveolin-1 expression inhibits the development of K-Ras G12D -induced cellular senescence in the lung in mice, we then asked whether lung tumor formation was enhanced in K-Ras LA2-G12D /Cav-1
mice. To this end, the number of microscopic lesions was quantified by H&E staining in the lungs of 4-week-old KRas LA2-G12D mice, either expressing or lacking caveolin-1. In mouse pulmonary pathology, atypical adenomatous hyperplasia (AAH) is a premalignant lesion preceding adenomas (48, 49) . In mice, adenomas are often non-invasive but malignant lesions, some of which may proceed to invasive adenocarcinoma (50 -53) . Microscopic examination shows a 3-fold increase in the number of malignant adenomas in the lung of 4-week-old K-Ras
Quantification is shown in Fig. 8A , and representative images are shown in Fig. 8B (Fig. 8C shows highmagnification images of lesions from Fig. 8B ). In support of these data, the total number of surface tumors was 2.5-fold (Fig. 8D) . Enhanced tumorigenesis in Ras LA2-G12D / Cav-1 Ϫ/Ϫ mice was confirmed in older mice (21-26-week-old age group), as shown by a further increase in the number of adenomas (Fig. 9 , A-C) as well as that of total surface tumors ( Fig. 10A ) in K-Ras LA2-G12D /Cav-1 Ϫ/Ϫ mice, as compared with K-Ras LA2-G12D /Cav-1 ϩ/ϩ mice. Consistent with these findings, overall survival (Fig. 10B ) and mean age of death (Fig. 10C ) of K-Ras LA2-G12D /Cav-1 Ϫ/Ϫ mice were lower than those of K-Ras LA2-G12D /Cav-1 ϩ/ϩ mice. We conclude from these data that caveolin-1 promotes the tumor-suppressive function of cellular senescence during lung cancer development.
Down-regulation of endogenous caveolin-1 in K-Ras G12D mice correlates with lung tumor development
Because we found that K-Ras G12D /Cav-1 Ϫ/Ϫ mice develop more lung tumors than K-Ras G12D /Cav-1 ϩ/ϩ mice, our data . Cells were collected after 3, 7, and 14 days, and cell lysates were immunoprecipitated using an antibody probe specific for caveolin-1 (IP: Cav-1). Immunoprecipitates were then subjected to immunoblotting analysis using an antibody probe specific for MTH1 (IB: MTH1). Total expression of caveolin-1 (Cav-1), MTH1, and K-Ras G12V is shown in the bottom panels (Input). B and C, scrambled shRNA (Sc shRNA)-and caveolin-1 shRNA (Cav-1 shRNA)-expressing NHBE cells were infected with pLVX-K-Ras G12V . Infection with vector alone was used as control. Our data show that Cav-1 shRNA down-regulates Cav-1 expression by ϳ90% (data not shown). Cells were collected 7 days after infection, and the level of 8-oxoguanine was quantified by staining with FITC-labeled avidin. Quantification is shown in B, and representative images are shown in C. Specificity of staining was demonstrated by a lack of signal when FITC-Avidin was preblocked with soluble 8-oxoguanosine (data not shown). Values in B represent means Ϯ S.E. (error bars); statistical comparisons were made using a t test. *, p Ͻ 0.001.
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show that oncogenic K-Ras-initiated and caveolin-1-mediated cellular senescence is a tumor suppressor mechanism. However, wildtype caveolin-1/K-Ras G12D -expressing mice do eventually develop lung tumors and therefore bypass senescence as they age. How is caveolin-1-mediated cellular senescence bypassed in these wildtype caveolin-1/K-Ras G12D mice? To address this question, we investigated the hypothesis that down-regulation of endogenous caveolin-1 might represent a molecular mechanism through which oncogenic K-Rasexpressing cells bypass senescence. Our data of Figs. 7D and 11B show that caveolin-1 expression was only marginally reduced in the lungs of 4-week-old wildtype caveolin-1/KRas G12D mice (as compared with age-matched C57Bl6 mice), which show abundant lung cell senescence but only marginal lung tumor formation (Fig. 8A) . In contrast, we show in Fig. 11 (A and B) that caveolin-1 expression was significantly downregulated in the lungs of 21-26-week-old Cav-1
mice, which showed increased tumor formation with respect to their younger counterparts (Fig. 9A) , as compared with agematched C57Bl6 mice. These data suggest that down-regulation of caveolin-1 might allow oncogenic K-Ras-expressing cells to bypass oncogene-induced senescence and promote tumor development. To support this conclusion, we infected wildtype MEFs with a lentiviral vector expressing K-Ras G12V . MEFs infected with an empty vector were used as a control. As shown in Fig. 1 , only K-Ras G12V -expressing MEFs underwent cellular senescence after 14 days. However, by culturing K-Ras G12V -expressing MEFs for ϳ8 weeks, we were able to iso- A, total cell lysates from NHBE and A549 cells were subjected to immunoblotting analysis using anti-caveolin-1 IgGs. Immunoblotting with anti-␤-actin IgGs was performed to show equal loading. B and C, A549 lung cancer cells were infected with lentivirus expressing caveolin-1 (Cav-1). Infection with lentivirus carrying the empty vector pLVX was used as control. Cells were collected after 3, 7, and 14 days. Cellular senescence was determined by SA-␤-gal staining (B) and immunoblotting analysis using an antibody probe specific for p21 (C). Overexpression of caveolin-1 was verified using anti-caveolin-1 IgGs (C). Immunoblotting using anti-␤-actin IgGs was performed to show equal loading (C). D, A549 cells were infected as described in B and C. Cell number was counted at different times after the infection (0, 1, 3, 5, and 7 days). E and F, A549 cells were infected as described in B and C. After 7 days, A549 cells were collected and cultured in soft agar for 7 days. Representative images are shown in E, and quantification of growth in soft agar is shown in F. Values in B, D, and F represent means Ϯ S.E. (error bars); statistical comparisons were made using a t test. *, p Ͻ 0.001.
late cells that maintained expression of oncogenic K-Ras (Fig.  11C ) but continued to grow and escaped cellular senescence (data not shown). Interestingly, caveolin-1 expression was down-regulated in K-Ras G12V -expressing MEFs that escaped cellular senescence (Fig. 11, C and D) . Importantly, this phenomenon was not observed in MEFs infected with vector alone, which stopped growing after ϳ3-4 weeks (as is expected for primary culture of MEFs) and did not show down-regulation of caveolin-1 (Fig. 11, C and D) . Together, these data suggest that a selective pressure exists in oncogenic K-Ras-expressing cells that allows them to escape senescence possibly through the down-regulation of caveolin-1.
Caveolin-1 expression is down-regulated in human lung cancer, and low caveolin-1 expression is associated with poor survival
Because a loss of caveolin-1 expression promotes lung tumor development in K-Ras G12D mice and to give our findings a more direct clinical relevance, we investigated whether caveolin-1 expression was down-regulated in lung tumors in humans. Using lung adenocarcinoma tumor tissue microarrays (TMAs) stained for caveolin-1, we found that 86% of human adenocarcinomas were caveolin-1-negative (95% CI 79 -91%; Fig. 12A ) and that 91% (59 of 65) of adenocarcinoma cases carrying mutant K-Ras were caveolin-1-negative (Fig. 12A) . Interestingly, caveolin-1 expression was not lost in the tumor stroma, which resulted Cav-1-positive in 82% of TMAs (95% CI 74 -88%; Fig. 12A ). Representative images of Cav-1(Ϫ) tumor cells and Cav-1(ϩ) stromal cells are shown in Fig. 12B . Immunofluorescence staining with a caveolin-1-specific antibody probe confirmed reduced caveolin-1 expression in lung adenocarcinoma specimens, as compared with normal lung tissue (Fig. 12C) . In support of these findings, DNA methylation analysis using the Cancer Genome Atlas database showed methylation of the caveolin-1 gene in human lung adenocarcinomas and a significant correlation between increased methylation of the caveolin-1 gene and reduced caveolin-1 expression (Fig.  12D) . These data were independently confirmed by gene expression analysis using RNA derived from lung adenocarcinoma patients, on which we performed Kaplan-Meier analysis of the overall survival, stratified by caveolin-1 positivity. We found that the rate of death was 60% lower for patients with high caveolin-1 expression (Fig. 12E) . More specifically, the high caveolin-1 group showed better overall survival (median overall survival of 48 months) as compared with subjects with a low caveolin-1 signal (median overall survival of 18 months) (log-rank p value ϭ 0.004) even after controlling for tumor stage and sex as co-factors (hazard ratio 0.41, 95% CI 0.22-0.79) (Fig. 12E) . Together, these data suggest that caveolin-1 has tumor-suppressive functions in human lung cancer and support the notion that reduced/loss of caveolin-1 expression in tumor cells may serve as an independent prognostic marker.
Discussion
Most normal mammalian cells, in contrast to cancer cells, have limited proliferative capacity. After a certain number of cell divisions, somatic cells experience an irreversible cell cycle arrest; they become irresponsive to growth factor stimulation 
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and undergo morphological and biochemical changes but remain metabolically active. This physiological process can be accelerated by stressful stimuli, including oncogene activation. Almost 20 years ago, it was shown for the first time that overexpression of oncogenic H-Ras (H-Ras G12V ) in normal cells was sufficient to induce cellular senescence instead of increasing cell proliferation (7). Since then, numerous investigations have demonstrated that oncogene-induced senescence acts as a tumor suppressor mechanism. Studies have shown that senescence occurs in premalignant lesions in several mouse cancer models, including lymphoma, prostate, mammary, and lung carcinoma. In the lungs, Serrano et al. (18) have found that senescence is restricted to premalignant lesions of the lung and is absent in malignant cancers in a mouse model of lung cancer expressing K-Ras G12V . In humans, senescence was found in benign lesions of the prostate, skin, and neurofibromas and was associated with oncogenic mutation of BRAF, PTEN inactivation, and NF1 mutations. Thus, cellular senescence is activated by the same oncogene that drove the initial tumorigenesis and represents a barrier that preneoplastic lesions need to escape to progress to cancer. The molecular players and mechanisms that promote oncogenic K-Ras-induced cellular senescence remain to be fully elucidated, and their identification will provide additional insights into cancer development.
In this study, we demonstrate that caveolin-1 is a key regulator of the signaling events linking expression of oncogenic K-Ras to cellular senescence in cells. Senescence induced by the overexpression of K-Ras G12V was inhibited in mouse embryonic fibroblasts derived from caveolin-1-null mice, which do not express caveolin-1 and NHBE cells lacking caveolin-1. We also found that the oncogenic K-Ras-induced interaction of caveolin-1 with MTH1 results in inhibition of MTH1 function. ϩ/ϩ and K-Ras LA2-G12D /Cav-1 Ϫ/Ϫ mice (n ϭ 7) were extracted, and frozen sections were subjected to SA-␤-gal staining. An H-score was determined using Imagescope (Leica Biosystems) and the Positive Pixel algorithm (see "Experimental procedures" for details). D and E, the lungs of 4-week-old K-Ras LA2-G12D / Cav-1 ϩ/ϩ and K-Ras LA2-G12D /Cav-1 Ϫ/Ϫ mice (n ϭ 7) were extracted. Tissue lysates were subjected to immunoblotting analysis using antibody probes specific for caveolin-1 (Cav-1) and the senescence markers p21 and p16. Immunoblotting with anti-␤-actin IgGs was performed to show equal loading. A representative blot is shown in D, and quantification of p21 and p16 protein expression is shown in E. Quantification of caveolin-1 expression is shown in Fig. 11B . F and G, the lungs of 4-week-old K-Ras LA2-G12D /Cav-1 ϩ/ϩ and K-Ras LA2-G12D /Cav-1 Ϫ/Ϫ mice (n ϭ 7) were extracted, and serial frozen sections were subjected to H&E and SA-␤-gal staining. Cancerous lesions were identified by H&E staining, and the percentage of lung lesions that resulted positive for SA-␤-gal staining was determined (F). Representative images are shown in G. Values in C, E, and F represent means Ϯ S.E. (error bars); statistical comparisons were made using a t test. *, p Ͻ 0.001.
MTH1 is a key detoxifier in mammalian cells, and its action prevents the initiation of a DNA damage/senescence response. Thus, our data propose that the caveolin-1-mediated inhibition of MTH1 is an important molecular mechanism that explains how oncogenic K-Ras elicits cellular senescence. Interestingly, re-expression of caveolin-1 in caveolin-1-negative A549 and H460 lung cancer cells restored senescence and inhibited the transformed phenotype of these cells. These data are consistent with previous findings by Lisanti's group showing that a lack of caveolin-1 expression enhanced the transformed phenotype of INK4a(Ϫ/Ϫ) MEFs after oncogene overexpression in vitro and in vivo (54) . Thus, oncogenic K-Ras-induced cellular senescence is mediated by caveolin-1 in cells.
Our study also shows that caveolin-1 is a key regulator of oncogene-induced senescence in mice. We crossed K-Ras LA2-G12D mice with caveolin-1-null mice (both on a C57Bl6 background) to obtain K-Ras LA2-G12D /Cav-1 Ϫ/Ϫ mice. K-Ras LA2-G12D mice are heterozygous for the K-Ras G12D mutation and represent a well-established mouse model to study lung cancer development (48) . Caveolin-1-null mice are viable and fertile and do not show any gross physical abnormalities. At around 12 months of age, they show decreased cardiac muscle contractility and cardiac fibrosis; they also have progressive lipid metabolism pathologies and lung endothelial cell hyperproliferation. They do not spontaneously develop tumors, and the role of caveolin-1 in lung tumorigenesis remains unexplored. We found that cellular senescence induced by the overexpression of K-Ras G12D was significantly inhibited in the lungs of mice lacking caveolin-1 expression, directly confirming our cell culture data using MEFs and NHBE cells. Consistent with the tumor suppressor ability of cellular senescence, lung tumor develop- Ϫ/Ϫ mice was associated with increased adenoma but not adenocarcinoma formation. This finding was not surprising, considering that (i) adenocarcinoma formation is limited in this mouse model and (ii) we observed numerous large adenomas in K-Ras G12D /Cav-1 Ϫ/Ϫ mice, for which an absolute criterion does not exist for distinguishing them from well-differentiated adenocarcinomas (55) . Moreover, considering that adenomas are malignant lung lesions in mice that do not necessarily progress to adenocarcinomas and that our data show that adenomas in K-Ras G12D /Cav-1 Ϫ/Ϫ mice occupy/replace a significant lung parenchyma volume (Figs. 8 and 9 ), enhanced malignant adenoma formation in K-Ras LA2-G12D /Cav-1 Ϫ/Ϫ mice probably compromises lung function and significantly contributes to the accelerated mortality of these mice (Fig. 10, B and C) , even in the absence of increased adenocarcinoma formation. Finally, we cannot rule out the possibility that the anti-tumorigenic effects of caveolin-1 are not limited to its pro-senescent actions in oncogenic K-Ras-expressing epithelial cells. We speculate that caveolin-1-mediated signaling might elicit tumor suppressor responses in other cell types, such as immune cells; separate lines of investigation are required to directly test this hypothesis, which goes beyond the scope of the current study. Importantly, our results are consistent with studies showing that caveolin-1-null mice have increased tumorigenesis in certain mouse models of cancer, such as breast (56) and skin cancer (57) , in which, however, caveolin-1-dependent senescence was not investigated.
Human lung cancer analysis directly supports the conclusions from cell culture and animal studies. In fact, our data show that caveolin-1 expression is low in lung cancer cells, but not stromal cells, from adenocarcinoma patients, both at the mRNA and protein levels. They also show that the great majority of patients carrying oncogenic K-Ras are also caveolin-1-negative. Consistent with these findings, low tumor caveolin-1 expression was associated with poor survival in lung cancer patients. These findings suggest that reduced/loss of caveolin-1 expression in lung cancer cells may serve as a novel and independent prognostic marker. Together, our data indicate that caveolin-1 has tumor suppressor properties through its ability to promote oncogene-induced senescence. Lung cells expressing oncogenic K-Ras bypass oncogene-induced senescence when caveolin-1 expression is either reduced or lost, which results in accelerated lung cancer development and reduced survival (Fig. 12F) . This scenario is consistent with our data showing that down-regulation of caveolin-1 correlates with lung tumor development in the K-Ras G12D mouse model (Fig.  11, A and B) and occurs in cells escaping oncogene-induced senescence in culture (Fig. 11, C and D) .
K-Ras has been an elusive therapeutic target since the identification of K-Ras mutations in lung cancer, nearly 30 years ago. This can be partially explained by the fact that the direct 
inhibition of K-Ras activity has been technically challenging and that K-Ras has multiple downstream signaling partners (including Raf/MEK/ERK-and PI3K/Akt/TOR-dependent pathways). Based on our current findings, we believe that one additional and unconventional explanation contributes to justifying the failure of K-Ras-based therapies: By inhibiting K-Ras activity, a drug would inhibit the pro-tumorigenic properties of K-Ras but, at the same time, would prevent K-Rastransformed cells from reverting back to a pro-senescent phenotype, an event that requires K-Ras and caveolin-1 function. Thus, we propose that the selective inhibition of the signaling molecules that are responsible for down-regulation of caveolin-1 expression in cells in which K-Ras activity is maintained is a better therapeutic strategy because it will allow the selective inhibition of pro-tumorigenic K-Ras signaling while rescuing pro-senescent and caveolin-1-dependent K-Ras pathways.
Experimental procedures
Materials
Antibodies and their sources were as follows: anti-caveolin-1 IgG (pAb N-20), anti-p21 IgG (pAb), anti-c-Myc IgG (mAb 9E10), and anti-␤-actin (mAb C4) were from Santa Cruz Biotechnology, Inc. (Dallas, TX); anti-caveolin-1 IgG (mAb 2297) was from BD Biosciences; anti-p16 IgG (pAb ab51243) was from Abcam (Cambridge, MA); horseradish peroxidase-conjugated goat anti-mouse and anti-rabbit secondary antibodies were from Pierce. Lentiviruses expressing either K-Ras G12V or caveolin-1 were generated by using the Lenti-X Expression System from Takara (Mountain View, CA). Diphenyleneiodonium chloride was purchased from Sigma. All other biochemicals used were of the highest purity available and were obtained from regular commercial sources.
Cell culture
MEFs were derived from wildtype and caveolin-1-null mice as described previously (31) . MEFs were grown in Dulbecco's modified Eagle's medium supplemented with glutamine, antibiotics (penicillin and streptomycin), and 10% fetal bovine serum. NHBE cells were grown in BEGM medium supplemented with BulletKit from Lonza (Anaheim, CA). A549 and H460 lung cancer cells were grown in Ham's F-12 supplemented with glutamine, antibiotics (penicillin and streptomycin), and 10% fetal bovine serum.
Immunoblotting
Cells were collected in boiling sample buffer. Cellular proteins were resolved by SDS-PAGE (12.5% acrylamide) and transferred to BA83 nitrocellulose membranes (Schleicher & Schuell). Blots were incubated for 2 h in TBST (10 mM TrisHCl, pH 8.0, 150 mM NaCl, 0.2% Tween 20) containing 2% powdered skim milk and 1% BSA. After three washes with TBST, membranes were incubated for 2 h with the primary antibody and for 1 h with horseradish peroxidase-conjugated goat anti-rabbit/mouse IgG. Bound antibodies were detected using an ECL detection kit (Pierce). Quantification of immunoblotting analysis was performed from three independent experiments and normalized versus ␤-actin.
Acid ␤-galactosidase staining
Acid ␤-galactosidase staining was performed using the senescence-associated ␤-galactosidase staining kit (Cell Signaling), according to the manufacturer's recommendations.
Cells-Cells were washed twice with PBS and fixed with the fixative solution for 15 min. Then cells were washed twice with PBS and incubated overnight at 37°C with the staining solution. Cells were then examined for the development of blue color. Cells were photographed at a ϫ40 magnification using a BX50WI Olympus Optical light microscope (Tokyo, Japan).
Tissue-Frozen mouse lung sections were thawed, fixed with the fixative solution for 15 min, and incubated overnight at 37°C with the staining solution. Slides were then washed twice with PBS and mounted with an antifade solution. Pictures of ␤-gal-stained lung sections were taken at ϫ20 magnification. ␤-gal staining was quantified using Imagescope (Leica Biosys- 
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tems, Buffalo Grove, IL) and the Positive Pixel algorithm. A minimum of 10 -15 non-overlapping regions from each tissue were used for quantification. This algorithm identifies pixels (intensity of staining) in three different categories: number of weak positive, number of positive, and number of strong positive pixels. H-score is then calculated using the formula, H-score ϭ ((N wp /N total ) ϫ 100)) ϩ ((N p /N total ) ϫ 200) ϩ ((N sp / N total ) ϫ 300)), where N wp represents the number of weakly positive pixels, N p is the number of moderately positive pixels, N sp is the number of strongly positive pixels; and N total is the total number of negative ϩ positive pixels.
Growth in soft agar
pLVX-and pLVX-Cav-1-infected A549/H460 cells (5 ϫ 10 4 ) were suspended in 3 ml of Ham's F-12 medium containing 10% fetal bovine serum and 0.33% SeaPlaque low-melting temperature agarose. These cells were plated over a 2-ml layer of solidified Ham's F-12 medium containing 10% fetal bovine serum and 0.5% agarose and allowed to settle to the interface between these layers at 37°C. After 20 min, the plates were allowed to harden at room temperature for 30 min before returning to 37°C. After 10 days, colonies were photographed under low magnification (ϫ5). The colonies in 80 randomly chosen fields from three independent plates were counted.
Generation of K-Ras
LA2-G12D /Cav-1 ؊/؊ mice and genotyping analysis All mouse experiments were reviewed and approved by the institutional animal care and use committee at the University of Pittsburgh. K-Ras LA2-G12D mice were crossed with caveolin-1-null (Cav-1 Ϫ/Ϫ ) mice (both mouse strains were obtained from the Jackson Laboratory and were on a C57Bl/6 background) to obtain K-Ras LA2-G12D /Cav-1 Ϫ/Ϫ mice. Genotype determinations were made by PCR analysis from tail snips of 3-week-old pups using the following primers: K-Ras-F (5Ј-TGCACAGCT-TAGTGAGACCC-3Ј), K-Ras-R1 (5Ј-GACTGCTCTCTTTC-ACCTCC-3Ј), K-Ras-R2 (5Ј-GGAGCAAAGCTGCTATT-GGC-3Ј), Cav-1-F1 (5Ј-GTGTATGACGCGCACACCAAG-3Ј), Cav-1-F2 (5Ј-CTAGTGAGACGTGCTACTTCC-3Ј), and Cav-1-R (5Ј-CTTGAGTTCTGTTAGCCCAG-3Ј).
Histological analysis on mouse lung tissue
Mice were euthanized at the indicated times. Lungs were perfused with PBS and inflated with OCT. After 5 min, lungs were extracted, and surface tumors were counted. Lungs were then embedded in OCT and frozen in liquid nitrogen. Serial sections from OCT-frozen lungs were obtained and stained with H&E for histological examination. ) from the Cancer Genome Atlas database. E, mRNA was extracted from 62 human lung adenocarcinoma samples, as described previously (59) . Caveolin-1 gene expression was measured by an Illumina bead array. Overall survival of lung cancer patients with high caveolin-1 (Ͼ527) and low caveolin-1 (Յ527) expression was plotted in a Kaplan-Meier curve. F, schematic diagram summarizing the tumor suppressor role of oncogenic K-Ras-initiated and caveolin-1-mediated senescence in lung cancer. Caveolin-1 promotes oncogenic K-Ras-induced cellular senescence in premalignant lung lesions, which inhibits tumor development. The oncogenic K-Ras-induced senescence barrier is lost following down-regulation of caveolin-1 expression, which allows premalignant lung lesions to progress to malignant cancer.
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Caveolin-1 inhibits lung cancer development Human lung TMAs
Formalin-fixed paraffin-embedded (FFPE) lung tumor tissues were obtained from lung cancer patients who underwent thoracic surgical procedures at the University of Pittsburgh Cancer Institute from 2004 to 2011 under an institutional review board-approved protocol. TMAs were constructed using randomly selected archival FFPE lung ADC tumors and histologically evaluated by hematoxylin and eosin stain to select areas of each FFPE specimen containing representative tumor cells. At least four 1.0-mm diameter cores were extracted from the selected area of each FFPE block and arrayed on new recipient blocks using a commercially available microarray instrument (Beecher Instruments Manual Arrayer, Beecher Instruments, Inc., San Prairie, WI). A total of four TMAs were constructed, which included 128 ADC tumor samples. Clinical and pathological information for each case was abstracted from the University of Pittsburgh Cancer Institute cancer registry and verified by chart review.
Immunohistochemical analysis on human lung tumor samples
Immunohistochemical analysis was performed on TMAs using a mouse monoclonal antibody (mAb 2297) at a 1:200 dilution. Incubation with TBS was used as negative control. Staining was scored by a Board-certified pathologist (S. D.), blinded to clinical outcome. Caveolin-1 positivity was defined as 2ϩ staining in at least 30% of cancer cells assessed, as described previously (58) .
Immunofluorescence analysis on human lung tumor samples
Immunofluorescence staining was performed on four adenocarcinoma cases and three control samples with a polyclonal anti-caveolin-1 antibody (pAb N-20) at a 1:500 dilution in phosphate-buffered solution with calcium and magnesium (PBS-CM) containing 0.1% Triton X-100 (PBS-CM-T) at room temperature for 3 h. Slides were washed three times (10 min each) in PBS-CM-T. Slides were then incubated for 2 h in secondary antibodies (1:1000 dilution in PBS-CM-T). Slides were washed three times in PBS-CM-T for 10 min each, and a coverslip was mounted on the tissue with slow-Fade antifade reagent (Invitrogen) and sealed with nail polish.
Caveolin-1 gene expression analysis in human lung tumor samples and overall survival analysis mRNA was extracted from a cohort of 62 lung adenocarcinoma patients who underwent thoracic surgical procedures at the University of Pittsburgh Cancer Institute from 1992 to 2006 under an institutional review board-approved protocol, as described previously (59) . Caveolin-1 gene expression was measured by an Illumina bead array. For predicting overall survival, we used recursive partitioning to identify an optimal cutpoint (Ͼ527) based on reduction of a one-step deviance and minimization of cross-validation predicting error. Overall survival was calculated in months from the date of lung cancer surgery until death or last contact. Univariate models examining group differences in overall survival were plotted and evaluated using a Kaplan-Meier survival curve and the log-rank test. Multivariable models with tumor stage (0 -4 continuous for stage IA, IB, II, III, and IV) and sex as additional predictors were fitted using
